Our earlier multicenter randomized controlled trial showed that adjuvant immunotherapy with cytokine-induced killer (CIK) cells resulted in longer recurrence-free survival (RFS) and overall survival (OS) as well in patients who received curative treatment for hepatocellular carcinoma (HCC). In the present study, we determined if the efficacy of CIK cell therapy continued after end of repeated CIK cell injections. We performed a follow-up study of our preceding trial. We included 226 patients: 114 patients in the immunotherapy group (injection of 6.4 × 10 9 CIK cells, 16 times during 60 weeks) and 112 patients in the control group (no treatment) after potentially curative treatment for HCC. In total, 162 patients (89 of the immunotherapy group and 73 of controls) underwent an extended follow-up for 60 months after randomization of the last patient. The primary endpoint was RFS, and secondary endpoints included OS. During follow-up time of median 68.5 months (interquartile range 45.0-82.2 months), the immunotherapy group continued to show a significantly lower risk of recurrence or death [hazard ratio (HR) 0.67; 95% confidence interval (CI) 0.48-0.94; P = 0.009 by one-sided log-rank test]. At 5 years, RFS rate was 44.8% in the immunotherapy group and 33.1% in the control group. The risk of all-cause death was also lower in the immunotherapy group compared to the control group (HR 0.33; 95% CI 0.15-0.76; P = 0.006). In patients who received curative treatment for HCC, the significant improvement in RFS and OS as a result of adjuvant CIK cell immunotherapy lasted over 5 years without boosting.
Introduction
Liver cancer is the sixth most frequent cancer and the second leading cause of cancer-related mortality in the world [3] . The nationwide establishment of hepatocellular carcinoma (HCC) surveillance programs among high-risk subjects has increased the possibility of curative treatment [4, 5] . However, even after curative resection of HCC, the risk of recurrence is reportedly very high, up to 70% after 5 years. Furthermore, the median time to recurrence is < 3 years [6, 7] , indicating that poor prognosis remains an issue. To date, the benefits of adjuvant therapy are still uncertain [8, 9] , and current international practice guidelines do not advocate any adjuvant therapy after potentially curative treatment [10, 11] .
Recently, our group published the results of a multicenter, open-labeled, randomized controlled trial (RCT) demonstrating that adjuvant adoptive immunotherapy using autologous cytokine-induced killer (CIK) cells prolongs both recurrence-free survival (RFS) and overall survival (OS) after potentially curative treatment for HCC [2] . CIK cells are polyclonal T lymphocytes, which are expanded ex vivo with cytokines and include CD3 − /CD56 + natural killer (NK) cells, CD3 + /CD56 + NK/T-like cells, and CD3 + /CD56 − cytotoxic T cells. CD3 + /CD56 + cells are scare in fresh human peripheral blood, and they are the main antitumor effector cells [12] . These cells grow rapidly and have strong antitumor effects with the capability of both T cells and NK cells, and they display minimal cytotoxicity to normal cells but substantial specific cytotoxicity for tumor cells [13, 14] . Patients who underwent adjuvant CIK cell immunotherapy (injection of autologous CIK cell agent 16 times during 60 weeks) had a significantly longer RFS compared to control patients (median 44.0 vs. 30.0 months) with 37% lower risk of recurrence or death [hazard ratio (HR) 0.63; 95% confidence interval (CI) 0.43-0.94]. CIK cell immunotherapy was also linked to a reduced risk of both all-cause death (HR 0.21; 95% CI 0.06-0.75) and cancer-related death (HR 0.19; 95% CI 0.04-0.87) [2] .
In the original study, adjuvant CIK cell therapy improved RFS by decreasing early recurrence (within the first 2 years) but not late recurrence (beyond 2 years) during the median follow-up of approximately 3 years (40.0 months and 36.5 months in the immunotherapy group and control group, respectively), which was consistent with previous studies [15] [16] [17] . Thus, an extended follow-up study was required to determine whether the effects of CIK cell immunotherapy as an adjuvant treatment persist over a long-term period.
In this study, we assessed the long-term effectiveness of a CIK cell agent in an adjuvant therapy for HCC by extending the follow-up time of the original RCT.
Patients and methods

Study design
We previously reported the findings of a 2-year follow-up after enrollment of the last patient. In that study, 230 patients received potentially curative treatment [surgical resection, radiofrequency ablation (RFA), or percutaneous ethanol injection (PEI)] for HCC. Patients with pre-treatment clinical stage I or II HCC according to the American Joint Committee on Cancer (AJCC) staging system (6th edition) [18] and based on radiological imaging studies, were recruited at five university-affiliated hospitals in Korea. HCC was diagnosed by pathological evaluation or radiological imaging studies [19] . Eligibility criteria also included hepatic function of Child-Pugh class A and an Eastern Cooperative Oncology Group performance status score of 0 or 1. Exclusion criteria included autoimmune disease or immunodeficiency, previous or current malignant tumor other than HCC, and severe allergic disorders. Pregnant or breastfeeding women and women planning to become pregnant were also excluded. All eligible participants were randomly assigned to receive adjuvant immunotherapy using a CIK cell agent (the immunotherapy group) or no adjuvant treatment (control group) in a 1:1 ratio. Subjects in the immunotherapy group received the CIK cell agent (Immuncell-LC; GREEN CROSS CELL Corp., Seoul, Korea) intravenously 16 times during 60 weeks (4 treatments once a week, followed by 4 treatments every other week, then 4 treatments every 4 weeks, and finally 4 treatments every 8 weeks) after curative treatment for HCC. The CIK cell agent was manufactured at a central facility. Briefly, mononuclear cells were isolated from 120 mL of autologous peripheral blood from each patient and externally cultured at 37 °C for 12-21 days in the presence of interleukin-2 and immobilized monoclonal antibody to CD3, following a modified method [13, 20] . The mean cell count in the CIK cell agent was 6.4 × 10 9 cells. Of the 230 randomized patients, 226 (114 and 112 in the immunotherapy group and the control group, respectively) were included in the efficacy analysis: following a decision from the steering committee, 4 patients were excluded from the efficacy population because 1 in the immunotherapy group and 3 in the control group were found to have violated the inclusion or exclusion criteria. The CIK cell agent was administered 13.8 times (mean) in the immunotherapy group.
Among the 226 patients recruited in the efficacy population of the original study, patients who died or withdrew consent during the study period, or were lost to follow-up were not eligible for the extended follow-up study. Patients who declined to extend the follow-up were also excluded. Finally, 162 patients (71.7%; 89 in the immunotherapy group and 73 in the control group) agreed to be included in the extended follow-up and provided written informed consent. They were followed up for 60 months after randomization of the last patient. For the remaining 64 patients, the data from the original study were used for statistical analyses.
Endpoints and assessments
The primary endpoint was RFS, which was measured from the date of randomization to the first recurrence or death from any cause. The secondary endpoints included OS and cancer-specific survival (CSS). OS was defined as the time between randomization and death due to any cause, and CSS was defined as time between randomization and death due to HCC.
Tumors were evaluated by contrast-enhanced computed tomography or magnetic resonance imaging every 3 months for 24 months and then every 3-6 months. Two independent radiologists with > 5 years of experience and blinded to the group assignment reviewed all scans at each site. In cases of disagreement, a third radiologist independently reviewed images, and the case was decided by consensus. The data cutoff date for extended follow-up was January 29, 2016. For patients who did not agree to participate in the extended follow-up study, the data cutoff date was November 29, 2012, as in the original study.
Statistical analyses
Efficacy outcomes were assessed using an intention-to-treat approach. Kaplan-Meier curves were constructed for RFS, OS, and CSS. Cox proportional hazards analysis was used to estimate unadjusted HRs. The consistency of the treatment effects on the primary endpoint with immunotherapy compared with no immunotherapy was evaluated by prespecified subgroup analyses. In addition, we performed a post hoc analysis to determine whether the risk of tumor recurrence or death was comparable between groups after immunotherapy with a finite duration. Patients in the immunotherapy group who did not experience tumor recurrence or death during treatment and all patients in the control group were included in the post hoc analysis, in which index dates were defined as the last date of CIK cell injection in the immunotherapy group and the date of randomization in the control group. The Cox proportional hazards regression model was used to evaluate the effect of baseline characteristics on each endpoint. The log-rank test for the primary endpoint was one-sided, and all other statistical tests were two-sided. Statistical significance was set at P < 0.05. Statistical analyses were performed by independent statisticians using SAS software version 9.2 (SAS Institute Inc., Cary, NC), R package version 2.15.3 (R Foundation for Statistical Computing, Vienna, Austria), and Stata software version 13.0 (StataCorp, College Station, TX).
Results
Patients
The efficacy of CIK cell immunotherapy was analyzed for all 226 patients included in the original study. Of these patients, 64 were included in the extended follow-up: 17 patients died and 15 withdrew their consent during the original study period, 10 were lost to follow-up, and 22 declined to participate in the extended follow-up. Baseline characteristics of patients who were not part of the extended follow-up did not differ significantly between the immunotherapy and control groups ( Supplementary Table 1 ). Finally, 162 patients (71.7%; 89 in the immunotherapy group and 73 in the control group) agreed to participate in the extended follow-up and signed an informed consent form. The trial profiles of the participants in the extended follow-up study are shown in Fig. 1 .
At the time of data cutoff, the overall median followup duration was 68.5 months [interquartile range (IQR) 45.0-82.0 months]: 70.5 months (IQR 62.0-83.0 months) in the immunotherapy group and 67.0 months (IQR 37.0-81.0 months) in the control group. Baseline characteristics of the efficacy population are provided in Table 1 . Maximal tumor size was significantly larger and platelet count was lower in the immunotherapy group compared to control, as in the original study. Chronic hepatitis B virus (HBV) infection was the most common underlying liver disease in patients and about 65% had clinical or radiological evidence of liver cirrhosis. The time interval and modality of imaging studies were comparable between the two study groups (Supplementary Table 2 ).
Recurrence-free survival
Because the median RFS was attained within the time limit of the original study, it was 14.0 months longer in the immunotherapy group (44. experienced tumor recurrence or death. After including the extended follow-up period, the difference in RFS between the two groups remained statistically significant (P = 0.01 based on one-sided log-rank test). The HR with immunotherapy was 0.67 (95% CI 0.48-0.94), representing a 33% relative reduction in the immunotherapy group ( Fig. 2a and Supplementary Table 3 ), which was comparable to the original study (0.63; 95% CI 0.43-0.94). RFS rates at 24, 36, 60, 72, and 84 months were significantly higher in the immunotherapy group than in the control group (all P < 0.05 based on one-sided z test). The 5-year RFS rate was 44.8% in the immunotherapy group and 33.1% in the control group (Supplementary Table 3 ).
In multivariable Cox regression using stepwise forward selection, adjuvant immunotherapy was an independent prognostic factor (adjusted HR 0.69; 95% CI 0.49-0.97; P = 0.016) after adjustment for age, serum alpha-fetoprotein (AFP) level, and treatment modality (Supplementary Table 4 ).
In a subgroup of 162 patients who agreed to participate in the extended follow-up, there was an association between CIK cell immunotherapy and longer RFS (HR 0.75; 95% CI 0.51-1.11; P = 0.07 based on one-sided log-rank test; Fig. 2b ), but it was not statistically significant.
In a subgroup of 186 patients with HBV-related HCC (96 in the immunotherapy group and 90 in the control group), CIK cell immunotherapy was associated with significantly longer RFS (HR 0.66; 95% CI 0.46-0.96; P = 0.01 based on one-sided log-rank test). However, in subgroups of patients with hepatitis C virus (HCV)-related HCC (n = 23; HR 1.002; 95% CI 0.36-2.78; P = 0.50) and non-HBV/non-HCV HCC (n = 17; HR 0.62; 95% CI 0.17-2.25; P = 0.23), RFS did not differ significantly between the immunotherapy and control groups, although the HRs were similar as in the HBV-related HCC subgroup.
Regarding maximal tumor size, the HRs in the immunotherapy group were similar between patients with maximal size < 2 cm (0.71; 95% CI 0.43-1.17; P = 0.09 by one-sided log-rank test; n = 108; Supplementary Fig. 1A ) and those with ≥ 2 cm (0.66; 95% CI 0.41-1.05; P = 0.035 based on one-sided log-rank test; n = 96; Supplementary  Fig. 1B ). HRs were similar between patients with AJCC stage I HCC (0.66; 95% CI 0.46-0.96; P = 0.01 based on one-sided log-rank test; n = 192; Supplementary Fig. 2A ) and those with stage II HCC (0.82; 95% CI 0.37-1.83; Fig. 2B ). When the immunotherapy group was divided according to a cutoff value of 97.8 × 10 9 cells, which was the median number of total injected CIK cells, there was no significant difference in RFS (≥ 97.8 × 10 9 vs. <97.8 × 10 9 cells HR 0.98; 95% CI 0.76-1.26; P = 0.87; Supplementary Fig. 3A) . In addition, in a subgroup of patients in the immunotherapy group NS not significant, RFA radiofrequency ablation, PEI percutaneous ethanol injection, HCC hepatocellular carcinoma, IQR interquartile range, ECOG Eastern Cooperative Oncology Group, HBV hepatitis B virus, HCV hepatitis C virus, PIVKA-II protein induced by vitamin K absence-II, AST aspartate aminotransferase, ALT alanine aminotransferase, ALP alkaline phosphatase a The HCC staging was done according to AJCC staging system (6th edition) [18] b The ECOG performance status assesses the daily living abilities of the patient, on a scale ranging from 0 (fully active) to 5 (dead) c Liver cirrhosis was diagnosed by the presence of histological and/or radiological evidence who received all scheduled 16 injections (n = 83), RFS did not differ between patients who received ≥ 102 × 10 9 cells (median value of total injected CIK cells) and those who received < 102 × 10 9 cells (HR 0.75; 95% CI 0.40-1.41; P = 0.37; Supplementary Fig. 3B ).
In post hoc analysis, patients who did not have tumor recurrence or die during adjuvant immunotherapy in the immunotherapy group (n = 95) maintained a significantly lower risk of recurrence or death than the patients in the control group (n = 112), even after the cessation of immunotherapy (HR 0.71; 95% CI 0.49-1.01; P = 0.03 based on one-sided log-rank test; Supplementary Fig. 4 ).
The 131 patients (100 in the original study and additional 31 during the extended follow-up period; 63 in the immunotherapy group and 68 in the control group) who had tumor recurrence were further treated for a median of four times (IQR, 0-30) with multidisciplinary modalities such as transarterial chemoembolization, RFA, PEI, surgical resection, liver transplantation, sorafenib administration, conventional cytotoxic chemotherapy, external beam radiotherapy, and proton therapy (Supplementary Table 5 ).
Overall and cancer-specific survival
During the extended follow-up period, 13 additional patients (5 in the immunotherapy group and 8 in the control group) died. Ten deaths were cancer-related (4 in the immunotherapy group and 6 in the control group), and three deaths were not HCC-related (1 in the immunotherapy group and 2 in the control group). In the immunotherapy group, a patient died of pneumonia. In the control group, one patient died of laryngeal cancer and another patient died of unknown cause. Therefore, during the entire study period, a total of 28 deaths occurred in the efficacy population: 8 patients in the immunotherapy group (6 cancer-related and 2 cancer-unrelated deaths) and 20 in the control group (15 cancer-related and 5 cancer-unrelated deaths).
Both median OS and CSS were still not attained in either group. OS was significantly longer in the immunotherapy group than in the control group (HR 0.33; 95% CI 0.15-0.76; P = 0.006; Fig. 2c and Supplementary Table 3 ). Recurrence status was significantly related to relative risk of death (3.34; 95% CI 1. 32-8.46 ; P = 0.0006 based on z . When the immunotherapy group was divided based on the total count of injected CIK cells, no significant difference in OS was observed (≥ 97.8 × 10 9 vs. <97.8 × 10 9 cells; HR 0.94; 95% CI 0.49-1.76; P = 0.84; Supplementary  Fig. 3C ). In addition, in a subgroup of patients in the immunotherapy group who received all scheduled 16 injections (n = 83), there was no difference in OS between patients who received ≥ 102 × 10 9 cells (median total injected CIK cells) and those who received < 102 × 10 9 cells (HR 0.80; 95% CI 0.13-4.76; P = 0.81; Supplementary Fig. 3D ).
In addition, CSS was significantly longer in the immunotherapy group (HR 0.33; 95% CI 0.13-0.86; P = 0.02; Fig. 2d and Supplementary Table 3 ).
Change in serum AFP levels
At the end of the study, mean serum AFP levels were 16.1 ± 40.5 ng/mL in the immunotherapy group and 54.0 ± 439.3 ng/mL in the control group. However, the change from baseline was not statistically significant in the two groups (5.3 ± 42.0 vs. 50.3 ± 463.2 ng/mL; P = 0.57; Supplementary Table 6 ).
Discussion
In this extended follow-up study, patients who received adjuvant autologous CIK cell immunotherapy after potentially curative treatment for HCC maintained a significantly longer RFS, OS, and CSS than did patients who received no adjuvant immunotherapy. HRs with CIK cell immunotherapy were similar across tumor size, tumor stage, and the etiologies of underlying liver disease. The difference in RFS between the groups remained statistically significant, even after the end of adoptive immunotherapy.
The results of this study showed that the effect of adjuvant immunotherapy with CIK cells in patients who underwent curative treatment for HCC was sustained during the 6-year follow-up. Considering that the mean treatment duration of CIK cell immunotherapy was only 12.0 months and that the half-life of adoptive CIK cells is short, CIK cell immunotherapy may have additional effects beyond the direct killing of residual tumor cells. The prolonged antitumor effect of CIK cell treatment can be explained by several possible mechanisms. First, CD3 − /CD56 + NK cells that are included in CIK cell agents can preferentially kill cancer stem cells [21, 22] . Cancer stem cells are a small proportion of cancer cells with the ability to maintain long-term growth potential and are responsible for tumor recurrence [23] . In addition, cancer stem cells are believed to account for the recurrence of HCC [24] . Second, some preparations of CIK cells reportedly have immune memory that could last a long time, and these cell may be later activated to kill recurrent tumor cells.
CIK cell agents may induce long-lasting memory T cells. CD3 + /CD56 + cells contribute to the formation and proliferation of memory CD8 + T cells [25] . Recent studies indicated that CD3 − /CD56 + NK cell activation could lead to the generation of memory NK cells, a feature previously ascribed only to B and T cells [26, 27] . In addition, CIK cells exhibit the phenotype of terminally differentiated memory T cells with CD45RA + , CCR7 − , CD62L weak+ , CD11a + , CD27 + , CD28 − , macrophage inflammatory protein 1a + , perforin + , and Fas ligand + [28] . A further study is warranted to evaluate the immune cell status immediately before and after adoptive transfer of CIK cells as well as gradual changes in the immune cell population over a long-term period.
Interestingly, in the original study, CIK cell immunotherapy reduced the risk of tumor recurrence at all types of locations, including local intrahepatic, distant intrahepatic, and extrahepatic recurrences. On the other hand, CIK cell immunotherapy failed to reduce late recurrence (beyond 2 years) although it reduced early recurrence (within 2 years) on the basis of visual evaluation of Kaplan-Meier curves [2] . Because both distant intrahepatic recurrence and late recurrence are related to de novo tumor development rather than metastasis of residual tumor cells [29] , the results were conflicting. The current extended study showed that CIK cell immunotherapy significantly prolonged RFS during the offtreatment period as well as during the on-treatment period and consequently reduced late recurrence. This difference from the original study might be related to the extended follow-up duration of the current study (median 70.5 months in the immunotherapy group); the study duration of the original study (median 40.0 months in the immunotherapy group) might have been too short to evaluate the risk of late recurrence. Collectively, CIK cells can apparently reduce de novo carcinogenesis as well as clear residual tumor cells. As mentioned previously, memory T cells or NK cells induced by CIK cell treatment cleared not only residual tumor cells but also new cancer cells that develop in diseased liver, although the gap between CIK cell treatment and the development of new malignant cells is lengthy. Moreover, CD3 − /CD56 + NK cells are known to preferentially kill cancer stem cells [30] .
In most other cancers, adjuvant therapy is generally indicated after the resection of locally advanced tumors but not during the early stages of the disease. Adjuvant systemic treatment is recommended for stage IB or IIA gastric cancer, stage II or III colon cancer, and stage II or IIIA nonsmall cell lung cancer, but not for most stage I or IA cancers because the risk of tumor recurrence is low after curative resection. On the contrary, it is recommended that patients who receive curative treatment for early stage HCC be entered into clinical trials of adjuvant treatment [31] . The high chance of cancer recurrence, even after potentially curative treatment, may account for this unique recommendation. The 5-year RFS rates after potentially curative treatment were reported to be 29.1% for very early or early HCC [32] and 97.8% for early gastric cancer [32, 33] . This substantial difference results in different 5-year survival rates: 76.1% for very early or early HCC vs. >90% for early gastric cancer [32, 33] . Thus, there is an urgent need for an effective adjuvant therapy to improve the prognosis of HCC patients.
As an adjuvant therapy for HCC after curative treatment, CIK cells have been widely evaluated in Asian countries including Korea, Japan, and China. Recently, another RCT also showed that CIK cell treatment significantly increased time-to-recurrence after curative resection [34] . A recent meta-analysis involving 12 RCTs evaluating the efficacy of adjuvant autologous CIK cell treatment showed that CIK cell treatment significantly prolonged both RFS (pooled HR 0.56; 95% CI 0.47-0.67) and OS (HR 0.59; 95% CI 0.46-0.77) although heterogeneity was moderate (both I 2 = 48%) [35] . Among eight RCTs that evaluated RFS as an endpoint, seven trials demonstrated that CIK cell treatment significantly improved RFS with HRs ranging from 0.14 to 0.63 [2, 15-17, 36, 37] . Although the number of CIK cell injections varied from 3 to 16, the studies consistently showed significant improvement in RFS. OS was significantly prolonged by CIK cell treatment in five trials [2, [38] [39] [40] . To date, adoptive CIK cell immunotherapy has been the only adjuvant therapy proven to improve both RFS and OS. Sorafenib, a multitargeted tyrosine kinase inhibitor, failed to improve RFS in a recent large-scale RCT involving 1,114 patients [41] .
Adoptive immunotherapy using autologous CIK cells has several limitations. The effectiveness of ex vivo CIK cell expansion varies greatly among patients according to the extent of the patient's immunosuppression. Myeloid-derived suppressor cells and defective antigen-presenting cells can inhibit CIK cell expansion. The quantity and quality of T lymphocytes are poor in cancer patients [42] . Therefore, the efficacy of CIK cell therapy should be improved using several possible methods. First, combination therapy with immune checkpoint inhibitors, such as inhibitors of programmed death-1, programmed death-ligand 1, and cytotoxic T-lymphocyte-associated protein 4, could be used to inhibit immune evasion by malignant cells and to enhance antitumor activity of CIK cells [43, 44] . Second, CIK cells could be stimulated by upregulating the expression of major histocompatibility complex (MHC) class I-related chain (MIC)-A and -B, which bind to natural killer group 2 member D (NKG2D) and activate CIK cells. Our group recently reported that histone deacetylase inhibitors such as suberoylanilide hydroxamic acid and valproate enhance the expression of MIC-A and -B in an epigenetic manner [45] ; therefore, combination therapy with these agents could also be considered. Third, combination treatment with different types of adoptive immunotherapy such as dendritic cell vaccine could be utilized. CIK cells also include a number of cytotoxic T lymphocytes that have an MHC-restricted cytotoxicity, which can be potentiated by high levels of MHC class I molecules and tumor antigens provided by dendritic cells. Thus, a synergistic effect of combination therapy could be expected [46] . Fourth, the downregulation of immune suppressor cells could help potentiate CIK cell immunotherapy. Low-dose cyclophosphamide was reported to suppress regulatory T-cells [47] , and the inhibition of signal transducer and activator of transcription 3 (STAT3) signaling was shown to decrease levels of myeloid-derived suppressor cells [48] . Further preclinical and clinical studies are required to evaluate whether these strategies might enhance the antitumor activity of CIK cells. In addition, the long-term safety and the cost-effectiveness of adjuvant immunotherapy with CIK cells, which were not addressed in this extended followup study, need to be further evaluated.
Conclusion
This extended follow-up study demonstrated that the significant increase in RFS and OS afforded by adjuvant immunotherapy with autologous CIK cells was still present for more than 5 years without boosting in patients who underwent curative treatment for HCC.
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